Rotaviruses are the leading cause of severe dehydrating diarrhea in infants and young children worldwide (22, 30) . Given the importance of this pathogen to human health, preventive and therapeutic strategies are urgently required. Studies directed at better understanding the host cellular events following rotavirus infection are likely to provide insights which will advance progress toward preventing and/or treating this infection.
Rotaviruses, members of the Reoviridae family, are nonenveloped viruses composed of 11 segments of double-stranded RNA (dsRNA) surrounded by three concentric layers of protein (15) . In vivo, the virus infects the mature, differentiated enterocyte of the small intestinal epithelium (4) . The majority of our knowledge about the virus replication cycle comes from studies performed in tissue culture cells, to which rotaviruses have been adapted to grow. These studies showed that the entire viral replication cycle occurs in the cytoplasm of the infected cell (reviewed in reference 15). However, little is known about the molecular mechanisms underlying the cellular response to infection. Viruses cause a variety of responses in infected cells, including changes in gene and protein expression, interferon (IFN) response, regulation of cell surface molecules, etc. A reduction in cellular protein synthesis has been reported in rotavirus-infected cells (25) . Changes in intracellular Ca 2ϩ concentration (associated with virus maturation and proposed to be related to cell death) (41) , alterations in the organization of the cell cytoskeleton (5, 28) , structural and functional alterations in the tight junctions (43) , and cellular lysis (15) have also been described following rotavirus infection. These phenotypic responses could be associated with alterations in mRNA expression of particular host cell genes. In addition, identification of changes in expression levels of other genes in rotavirus-infected cells can provide insights concerning the mechanisms of viral pathogenesis. Some limited attempts have been made to characterize the mRNA and protein expression levels of certain cellular genes in rotavirusinfected cells. Northern blot analysis and two-dimensional gel electrophoresis showed that, in MA104 cells infected with the SA11 strain of simian rotavirus, there is an increase in the mRNA and protein levels of two endoplasmic reticulum (ER)-resident chaperones (GRP78 and GRP94) (58) . Rollo et al. (46) showed increases in the mRNA expression level of certain chemokines and IFNs in rhesus rotavirus (RRV)-infected HT-29 cells. To date, no studies have been presented that describe the global transcriptional response of cells undergoing rotavirus infection.
The emergence in the last several years of DNA microarray technology provides a powerful tool for studying the simultaneous transcriptional expression of thousands of host genes. Oligonucleotide-and cDNA-based arrays have been used to study the transcriptional responses of cells subjected to a variety of environmental stimuli, including viral infections, such as cytomegalovirus (60) , human immunodeficiency virus (HIV) (21) , influenza virus (20) , and others (7, 42) . In this work we used microarrays containing more than 38,000 human cDNAs to characterize the transcriptional response of human intestinal Caco-2 cells to RRV infection. Caco-2 cells were selected as a good cell culture model of human intestinal cells, and RRV was selected because it has been orally administered to hundreds of thousands of people as a live virus vaccine.
MATERIALS AND METHODS
Cells, viruses, and infection conditions. The human intestinal epithelial cell line Caco-2 was obtained from the American Type Culture Collection (Rockville, Md.). Cells were grown in RPMI 1640 medium with 300 mg of L-glutamine (BioWhittaker, Walkersville, Md.)/liter, supplemented with 100 IU of penicillinstreptomycin (BioWhittaker)/ml and 15% fetal bovine serum (FBS; Gibco-BRL, Gaithersburg, Md.). Fresh medium was replaced approximately every 10 days. The rhesus monkey epithelial cell line MA104 was grown in Medium 199 with Earle's balanced salt solution, 2.2 g of NaHCO 3 /liter, and 100 mg of L-glutamine (BioWhittaker)/liter, supplemented with 100 IU of penicillin and streptomycin/ml and 10% FBS. Cell cultures and viral infections were kept in a 5% CO 2 incubator at 37°C.
Rhesus rotavirus (RRV) was propagated as follows: monolayers of MA104 cells were infected with 1 focus-forming unit (FFU) per cell of trypsin (10 g/ml)-activated RRV in the absence of FBS. Viral lysates were harvested when substantial cytopatic effect was observed (18 to 24 hours postinfection [hpi] ) by freezing and thawing two times. The lysates were cleared by centrifugation at 3,000 rpm in a tabletop Allegra 6R Centrifuge (Beckman Coulter, Fullerton, Calif.) at 4°C for 10 min. Virus titers were determined in monolayers of Caco-2 cells by an FFU assay as described elsewhere (37) , and aliquots of this lysate were stored at Ϫ80°C.
For microarray experiments Caco-2 cells (passages 27 to 36) were seeded in 175-cm 2 tissue culture flasks (Falcon; Becton Dickinson, Franklin Lakes, N.J.). At 17 to 26 days postseeding, the cells were washed twice with RPMI medium and then infected at a multiplicity of infection (MOI) of 20 FFU of trypsinactivated RRV in a final volume of 25 ml of medium without FBS. After 1 h at 37°C, the inoculum was removed, the monolayers were washed once with medium, and the cells were harvested or incubated for an additional period of 15 h. At the end of each incubation, the cells were washed twice with phosphatebuffered saline (PBS), and 8 ml of RNAwiz (Ambion, Austin, Tex.) were added to the flask for extraction of total RNA. As a reference, mock-infected Caco-2 cells were treated under the same conditions as infected cells except that the "mock" inoculum was derived from a cleared lysate of uninfected MA104 cells.
The microarray experiments reported in this work were performed as follows. The first set of comparisons consisted of two separate RRV infections (RRV a and RRV b ) and three separate mock infections (mock a , mock b , and mock c ) for each time point (1 and 16 hpi). A total of 11 different hybridization combinations were made (Table 1 ). In this analysis we made three separate comparisons of rotavirus-infected cells to mock-infected cells as described in Table 1 . The second set of comparisons were a time course experiment (Fig. 5 ), which consisted of four separate RRV infections that were harvested at 1, 6, 12, and 24 hpi and five separate mock infections that were harvested at the 1, 2, 6, 12, and 24 h time points. A total of five different hybridizations were made (mock 2 h versus mock 2 h as a control comparison, RRV 1 h versus mock 1 h, RRV 6 h versus mock 6 h, RRV 12 h versus mock 12 h, and RRV 24 h versus mock 24 h).
mRNA isolation, preparation of fluorescently labeled cDNA, and hybridization. Total RNA was extracted by using RNAwiz according to the manufacturer's protocol. After RNA extraction, poly(A) mRNA was purified with the FastTrack 2.0 kit (Invitrogen, Carlsbad, Calif.) according to the manufacturer's instructions for the isolation of mRNA starting from total RNA. The concentration of mRNA was determined by measuring the absorbance at 260 nm.
For analysis of rotavirus infection versus mock infection, fluorescently labeled cDNA from rotavirus-infected cells was generated by reverse transcription (RT) by using the red fluorescent dye Cy5 (Amersham Pharmacia, Piscataway, N.J.); fluorescent cDNA from mock-infected cells was prepared by using the green fluorescent dye Cy3 (Amersham Pharmacia). For control comparisons (mock versus mock and RRV versus RRV), cDNA from mock-or RRV-infected cells was generated and fluorescently labeled during a RT reaction with Cy5 or Cy3 (see Table 1 ). For each RT reaction, 3 g of poly(A) mRNA was mixed with 2 g of an achored oligo(dT) primer (MWG-Biotech, High Point, N.C.) in a total volume of 15 l, heated for 10 min at 72°C, and transferred to ice. Then, the RT mix (6 l of 5ϫ first-strand buffer [Gibco-BRL], 3 l of 0.1 M dithiothreitol, 0.6 l of unlabeled nucleotides [25 mM concentrations each of dCTP, dGTP, and dATP and 15 mM dTTP; Boehringer Mannheim, Indianapolis, Ind.], 3 l of either Cy5-dUTP or Cy3-dUTP [catalog numbers PA53021 or PA53022, respectively], and 2 l of Superscript II reverse transcriptase [Gibco-BRL]) was added in a final reaction volume of 30 l. The reaction was incubated for 2 h at 42°C, and 15 l of 0.1 N NaOH was added to degrade the RNA (10 min at 72°C). The mix was neutralized by addition of 15 l of 0.1 N HCl; at this time the two cDNAs (Cy5 and Cy3 labeled) were mixed, and the final volume was increased to 500 l with TE (10 mM Tris, pH 8.0; 1 mM EDTA). The mixed cDNAs were extracted with 500 l of buffer saturated phenol-chloroform-isoamyl alcohol (25:24:1 [vol/ vol/vol]; Gibco-BRL), and the aqueous phase was transferred to a Microcon YM-30 (Amicon Millipore, Bedford, Mass.), centrifuged for 10 min at 10,000 rpm in a benchtop Eppendorf 5415C centrifuge, and washed with 400 l of TE. Next, 20 g of Cot1 human DNA (Gibco-BRL), 20 g of poly(A) RNA (Sigma), and 20 g of tRNA (Gibco-BRL) were added, and the mixture was concentrated to 40 l. For final probe preparation, 8 l of 20ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and 4 l of 3.3% sodium dodecyl sulfate (SDS) were added, the mixture was denaturated for 2 min at 93°C, incubated for 20 min at room temperature, and transferred to the microarray surface. The microarray and probe were covered with a 22-by-60-mm glass coverslip and incubated overnight at 65°C in custom-made slide chambers maintaining the humidity with a few drops of 3ϫ SSC. After hybridization, the arrays were transferred to a glass slide-rack and washed with 1ϫ SSC-0.03% SDS until the coverslips were removed, and then two additional washes of 2 min each with gentle agitation were performed in increasing stringency solutions (0.2ϫ and 0.05ϫ SSC). The arrays were dried at room temperature by centrifugation for 5 min at 500 rpm in the Allegra 6R tabletop centrifuge.
The cDNA microarrays used in this work were produced in the Microarray Production Facility of Stanford University, and the protocols for their production have been described elsewhere (27, 48) . These arrays contain 39,552 array elements, of which 38,432 correspond to human sequence verified genes, 447 correspond to nonhuman genes, and 673 correspond to unknown samples. Detailed protocols for the array production are available online (http://cmgm.stanford.edu /pbrown/).
Signal detection and data analysis. The fluorescent intensity for each dye was detected by using a GenePix 4000b microarray scanner (Axon Instruments, Foster City, Calif.). Images were analyzed by using the GenePix Pro 3.0 software provided with the scanner. First, each spot was defined automatically by a spot-indicator (grid). The software automatically discards (flags) a spot (i) if the intensity is not greater than the background threshold, (ii) if the spot has an irregular size, or (iii) if the grid designed to that spot overlaps with an adjacent grid (see the GenePix Pro 3.0 user's manual for more details). After the automatic gridding and flagging, a visual inspection was performed to eliminate from the analysis all spots with signals due to visually detectable array artifacts. GenePix Pro 3.0 displays the data in tables that can be exported in any standard spreadsheet program.
The data files generated by the software were entered into the Stanford Microarray Database (SMD), a custom database that maintains Web-accessible files for further analysis (52) . After submission into SMD, the red signal was normalized by applying a single multiplicative factor to all intensities measured for the red dye Cy5. The normalization factor was computed so that the median Cy3/Cy5 fluorescent ratio of nonflagged spots on each array was 1.0.
To reduce the effect of nonspecific fluorescence, we filtered all nonflagged spots as follows. First, the mean background for the red and green signal in each array was determined by calculating the average of the median background of the corresponding color from all nonflagged spots in the array. Then, this mean background plus three standard deviations was established as our threshold intensity value for each color. In addition, the mean intensity of one of the colors per spot was required to be at least two times greater than its local background. Genes whose spot intensities did not pass these filter criteria were eliminated from further analysis. Based on these filter criteria, between 20,093 and 24,926 of arrayed human genes were eliminated from our analysis.
To analyze levels of up-or downregulation, we applied a hierarchical clustering algorithm implemented by the software Cluster as described by Eisen et al. (14) . This software clusters genes according to their similarity in the pattern of gene expression and displays the data in a dendrogram that resembles a tree (14) , and this software is available online (http://rana.stanford.edu/software). The selection criteria for identification of genes that were up-or downregulated by the rotaviral infection are described in relation to each data set in the result section.
Measurement of cell viability and the percentage of infected cells. Caco-2 cell viability was determined by using the LIVE/DEAD Viability/Cytotoxicity Kit for animal cells (Molecular Probes, Eugene, Oreg.) according to the manufacturer's instructions for flow cytometry analysis. Briefly, confluent monolayers of Caco-2 cells in six-well plates were or were not infected at an MOI of 30 FFUs with trypsin-activated RRV. After 16 h of infection, the cells were washed three times with PBS and detached by incubation in 0.05% trypsin-0.53 mM EDTA (Gibco-BRL). After trypsinization, the cells were transferred to a tube, pelleted by centrifugation (500 ϫ g), and washed twice with PBS. As a positive control for dead cells, half of the cells were killed by permeabilization in 70% methanol-PBS for 20 min at room temperature. Then, cells were resuspended in 400 l of 1 M calcein AM and 2 M ethidium homodimer (EthD-1) in PBS and incubated for 15 min at room temperature. After incubation, the fluorescent signal was analyzed by using a FACScan flow cytometer and CellQuest software (Becton Dickinson) with appropriate gating parameters.
For quantification of the percentage of infected cells, cells were mock or RRV infected as described above. After trypsinization, cells were fixed in 10% formalin in PBS for 30 min at room temperature and then permeabilized for 3 min in 1% Triton X-100 in PBS at room temperature. The cells were washed twice with PBS and then incubated in a 1:500 dilution of a rabbit polyclonal hyperimmune serum to RRV in PBS for 30 min at 4°C, washed twice with PBS, and then incubated with a 1:100 dilution of fluorescein-conjugated anti-rabbit immunoglobulin G (Kirkegaard & Perry, Gaithersburg, Md.) in PBS for 30 min at 4°C. After the incubation period, the number of antibody binding cells was determined by flow cytometry with the instrumentation described above.
RESULTS
Viability of RRV-infected Caco-2 cells and evaluation of the percentage of cells infected. We used human cDNA microarrays to study the global transcriptional response of cells infected with rotavirus. We chose the human intestinal cell line Caco-2 (16) as a model that would mimic characteristics of rotavirus replication in vivo. Caco-2 cells were derived from a human colon adenocarcinoma and display several characteristics of mature enterocytes, such as cellular polarization, development of an apical brush border membrane, and expression of intestinal hydrolases on the apical domain (62) . In addition, Caco-2 cells have been used to study the interaction of several enteropathogens with the intestine (39, 40, 54) , and most rotavirus strains, including our laboratory strain RRV, grow efficiently in Caco-2 cells (32, 55) .
We choose 16 h as a primary time point to evaluate the cellular transcriptional response to rotavirus infection because Caco-2 cells are lysed at late times after infection (after 24 to 48 h) (29, 43) . To establish the viability of the cells at 16 hpi under our experimental conditions, Caco-2 cells were grown in monolayers and, 15 days postseeding, were mock or RRV infected at an MOI of 30. At 16 hpi cellular viability was assessed by measuring the percentage of live and dead cells, as described in Materials and Methods. A fraction of the cells were killed by permeabilization with 70% methanol for 20 min and used as a positive control for dead cells. The percentage of living cells was determined by the presence of intracellular esterase activity which was detected by measuring the conversion of calcein AM to calcein by fluorescence-activated cell sorting (FACS) analysis. The percentage of dead cells was determined by membrane damage, which was detected by measuring the binding of ethidium homodimer (EthD-1, an impermeable fluorescent dye) to nucleic acids by FACS analysis (Molecular Probes Live/Dead Viability/Cytotoxicity Kit, L-3224). As can be seen in Fig. 1b and d , mock-and RRVinfected cells look similar at 16 hpi; 77% of the mock-infected and 78% of the RRV-infected cells were positive for intracellular esterase activity and negative for EthD-1 staining (lower right quadrant). In contrast, Ͼ97% of the methanol treated cells were positive for EthD-1 and negative for calcein staining (upper left quadrant, Fig. 1a and c) . Taken together, these We also determined the percentage of cells infected under our conditions. Caco-2 cells were mock or RRV infected at an MOI of 20; at 16 hpi the cells were fixed and stained with a rabbit polyclonal antiserum against RRV as described in Materials and Methods and subjected to FACS analysis. As can be seen in Fig. 1e to h, Ͼ75% of the inoculated cells stained positively for RRV antigen. Hence, mRNA from infected cells used for hybridization analysis was derived from a population of living cells in which Ͼ75% were infected. Infection with MOIs of 50 and 100 only produced a 5% increment in the percentage of infected cells (data not shown).
Rotavirus infection induces changes in cellular gene expression of Caco-2 cells. Our approach for studying the cellular transcriptional response during rotavirus infection consisted of comparing the relative abundance of specific poly(A) mRNA in infected cells to the same specific poly(A) mRNA from mock-infected cells by using cDNA microarrays containing thousands of cellular genes (see Materials and Methods). Preliminary experiments with Caco-2 cells from different passage levels or different flasks at the same passage level under the same culture conditions showed some variability in the pattern of mRNA expression (data not shown). In order to specifically attribute transcriptional changes to virus infection (and not to background variability), we determined the background transcriptional variability of our cell culture system. To do this, we compared mock-infected cells versus mock-infected cells at 1 hpi, mock-infected cells versus mock-infected cells at 16 hpi, and RRV-infected cells versus RRV-infected cells at 16 hpi Each comparison was repeated one or two times (see Table 1 ). Representative plots of some of these comparisons are shown in Fig. 2 .
We analyzed the number and percentage of gene transcripts that varied by Ͼ2-fold in this series of comparisons in order to identify the background rate of transcriptional variation in our system. As can be seen ( Fig. 2a and c) , when mock-infected cells were compared to mock-infected cells (at 1 and 16 h) and RRV-infected cells were compared to RRV-infected cells at 16 hpi (Fig. 2e ), few transcripts varied by Ͼ2-fold: the results were 0.9, 1.15, 1.68, 1.71, and 2.2% for the five control hybridizations presented in Table 1 . This variability could be due to the variability in the microarray technique (extraction and purification of the mRNA, cDNA synthesis and labeling, hybridization and/or signal detection) or to natural transcriptional variability that may occur in Caco-2 cells in culture. When we compared RRV-infected cells versus mock-infected cells at 1 hpi (Fig. 2b ), 1.0, 1.2, and 1.8% of the genes varied Ͼ2-fold (for the three RRV versus mock hybridizations in Table 1 ), a finding which was similar to the background rate. However, when we compared RRV-infected cells versus mock-infected cells at 16 hpi, 8.6, 8.9 , and 11% (for the three RRV versus mock hybridizations in Table 1 ) of the gene transcripts varied Ͼ2-fold (Fig. 2d) . These results indicate that rotavirus infection induces changes in cellular gene expression at 16 h after infection.
Genes that respond to RRV infection. It was clear from our analysis ( Fig. 2a and c) that there is an intrinsic variability in our cell culture system, since there were some changes in cellular gene expression that were detected when we compared RNA extractions from cells treated identically. In order to identify genes that specifically responded to RRV infection, we performed independent infections with corresponding independent controls (see Materials and Methods and Table 1) .
We undertook a series of steps to identify genes that responded specifically to RRV infection. First, we selected genes that passed the filter criteria (see Materials and Methods) and did not change by Ͼ1.4-fold in control comparisons (mock versus mock and infection versus infection; Table 1 ). We then determined how many of these genes passed the filter criteria in the experimental comparisons (RRV versus mock) at 1 and 16 h and how many of these were up-or downregulated.
Between 35.1 and 47.7% of the human printed array elements (13,506 to 18,339 of 38,432 human printed elements) were suitable for analysis after initial filtration. After the elimination of genes that varied by Ն1.4-fold in the control comparisons, we identified a list of 8,528 genes for the 1 h time point and 9,171 genes for the 16 h time point that were suitable for further study. These genes were analyzed in the infectious comparisons (RRV versus mock). Of the 8,528 genes, 7,263 gave a signal above background in the 1-h infection comparisons (RRV versus mock) and, of the 9,171 genes from the 16 h time point, 8,575 gave a signal above the background in the 16-h infection comparisons (RRV versus mock).
A similar analysis with the nonhuman genes (the arrays contain 448 nonhuman genes from yeast and bacteria, see Materials and Methods) was also performed. Only one gene (0.22%) passed the filter criteria in 50% of the 11 arrays examined.
We used the following rationale to select the threshold for classifying genes as up-or downregulated. First, we wanted to ensure that genes identified were actually regulated by infection and, for this purpose, the higher the fold change selected as a threshold, the higher the likelihood of significance. However, we do not yet know what significance to assign to lowerlevel changes in transcription. Therefore, we arbitrarily chose to classify genes whose transcriptional level changed by Ͼ2-fold in at least two of the three experimental hybridizations (Table 1) as rotavirus-regulated genes. Responses of Ն2-fold have also been used as selection criteria by others to identify transcriptionally regulated genes by microarray analysis (7, 20, 27) . As described above, none of the selected genes varied by Ͼ1.4-fold in any of the control comparisons.
Five hundred and eight genes were up-or downregulated by Ͼ2-fold at 16 hpi (Fig. 3) . A similar analysis at the 1 h time point disclosed only one gene which changed by Ͼ2-fold (the potassium large conductance Ca 2ϩ -activated channel). Several observations can be made from this analysis. It is clear that after 1 h of rotavirus infection, Caco-2 cells showed a very limited transcriptional response to infection (only one gene was transcriptionaly regulated Ͼ2-fold). In contrast, at 16 hpi, 579 array elements, representing 511 genes (some genes were printed more than once) were up-or downregulated. Of these, 375 (73.4%) were upregulated and 133 (26.02%) were downregulated. Of the 579 array elements identified, only three (0.58%) gave inconsistent results, being upregulated in one hybridization, and downregulated in the other hybridization. Of note, the fluorochrome signal used for labeling did not affect the results, since labeling the cDNAs in the opposite way (cDNA from mock-infected cells labeled with Cy5 and cDNA from RRV-infected cells with Cy3) had very little effect (data not shown). The 579 array elements that passed the twofold change criteria represent 6.7% of the total analyzable population (8,575 genes).
An examination of the genes in Fig. 3 shows variation in the intensities of the green and red signals obtained. This reflects different levels of up-and downregulation among the various genes. We analyzed the level of change by identifying the genes that changed their level of expression between 2-and 4-fold and those that changed by Ͼ4-fold at 16 hpi. It is clear that changes between 2-and 4-fold are most frequent (Fig. 4) ; 463 genes were regulated between 2-and 4-fold, and only 45 genes were regulated Ͼ4-fold. Of these, 42 were upregulated, and 3 were downregulated.
The results observed were consistent across infection comparisons by using several types of analysis. The regulated genes were initially identified by setting the program to select genes that were up-or downregulated Ͼ2-fold in at least two of the three experimental hybridizations (Table 1) . However, 304 of the 576 array elements (52%) or 266 of the 508 genes were regulated Ͼ2-fold in all three experimental hybridizations (hybridizations 4, 5, and 6; Table 1 ) and, of the remaining array elements (272), 180 were regulated Ͼ1.6-fold in the third hybridization. This means that 84% of the genes showed the same transcriptional regulation in the three separate hybridizations (hybridizations 4, 5, and 6, Table 1 ). Of the remaining 16% genes, half were not analyzable in the third hybridization. Only three genes (Ͻ0.04% of the total analyzed population) Cluster analysis of genes that were differentially expressed after 16 h of RRV infection. Each horizontal row represents a single cDNA, and each vertical column represents a single microarray hybridization. The results are presented in color display; each square represents the ratio of hybridization signal of labeled cDNA prepared from the mRNA of RRV-infected or mock-infected cells relative to mock-infected cells. Red squares denote upregulated genes, green squares denote downregulation, black squares denote no significant change in the level of gene expression, and gray squares denote missing data. The colored scale for the level of up-or downregulation is depicted at the bottom. The first three columns correspond to control hybridizations (mock infected versus mock infected or RRV infected versus RRV infected), and the last three columns correspond to experimental hybridizations (RRV infected versus mock infected). The genes shown are those whose transcript levels varied Ͼ2-fold in at least two of the three experimental comparisons. Some regions are amplified at the right to show the name and the expression profile of selected genes.
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showed inconsistent regulation, indicating upregulation in one experimental hybridization and downregulation in the other. From this initial analysis we conclude that rotavirus infection induces changes in the levels of 6.7% of the cellular analyzable genes in Caco-2 cells at 16 hpi, and the majority of these transcriptional responses correspond to upregulation of genes. The majority of the changes in cellular gene expression occur at late time points after infection. The results of the microarray analysis at 1 and 16 hpi showed a significant difference in the transcriptional response between the two time points, from one gene at 1 hpi to 508 genes at 16 hpi. To determine whether the genes responding at 16 h were regulated at earlier times during infection, we carried out an additional time course experiment in which mock-or RRV-infected Caco-2 cells were harvested at 1, 6, 12, and 24 h after infection. Labeled cDNAs synthesized from mRNA from RRV-infected cells at each time point were mixed with labeled cDNAs synthesized from mRNA from mock-infected cells at the corresponding time points (RRV 1 h versus mock 1 h, RRV 6 h versus mock 6 h, etc.). We also carried out control comparisons by mixing labeled cDNAs from mock-infected cells with labeled cDNAs from the same batch of mockinfected cells (mock versus mock hybridization). The mixed cDNAs were hybridized to microarrays and analyzed as in the first series of hybridizations (Table 1) , the difference being that in the time course experiment, we used only one infection sample and one mock-infected sample for each time point.
We focused our analysis on the genes that were regulated by Ͼ2-fold in the first experiment ( Fig. 3 and Table 3 ) at 16 hpi to find out whether the changes observed at 16 hpi could be detected at earlier time points. We eliminated genes that changed their level of expression by 1.4-fold or more in the control comparison of the time course experiment. We next selected 227 genes that passed the filtering criteria (described in Materials and Methods) for all time points (i.e., control and 1, 6, 12, and 24 h). Cluster analysis was then performed with the five hybridizations of the time course experiments and one (RRV versus control) hybridization from the 16-h time point. Figure 5 shows the pattern of expression for selected genes that were up-or downregulated Ͼ2-fold in at least two hybridizations in the time course analysis. A common pattern was found in the time course study; the number of up-and downregulated genes increased with the time from infection, starting with very few genes after 1 h and reaching the maximum at the latest time points (16 and 24 hpi). In the time course experiment, up-and downregulated genes were observed, and again upregulated genes were most frequent (Fig. 5) . Of 227 genes examined, 3 were transcriptionally regulated (Ͼ2-fold change) at 6 hpi and 33 genes were transcriptionally regulated at 12 hpi (Table 2) . It is clear from these results that most of the responses observed at 16 hpi in the first experiment (Fig. 3 , Table 1 ) became detectable late, i.e., at 12 hpi or later.
Grouping of genes according to their biological function. We identified 375 upregulated and 133 downregulated genes following rotavirus infection in our primary analysis. A complete list of these genes is presented in Table 3 . In an attempt to facilitate the analysis of our data, we grouped the differentially regulated genes according to known biological functions. However, the classification of genes to specific cellular functions is difficult because many genes participate in more than one biological process. We listed the regulated genes in only a single functional category for simplicity. Only two genes listed in Table 3 have been previously described as rotavirus-induced genes (endoplasmin and RANTES). The regulation of some genes involved in calcium homeostasis, cytoskeleton structure, IFN regulation, and stress response were anticipated since previous data demonstrated the relationship between rotavirus infection and these biological processes (5, 6, 11, 44, 46, 58) . Genes associated with other important cell functions, including cell cycle and proliferation, protein degradation, viral receptors, and membrane transporters are also regulated in response to rotavirus infection (Table 3) .
DISCUSSION
We investigated the transcriptional changes in Caco-2 cells after RRV infection in order to better understand the cell response to this important enteric pathogen. We used Caco-2 cells as a host cell to try to mimic characteristics of rotavirus replication in the human gut. We used an animal strain of rotavirus, RRV, because this strain replicates well in tissuecultured cells and because RRV has been given to many hundreds of thousands of people in the form of a live attenuated vaccine. Human strains of rotavirus do not replicate as well as many animal strains in cell culture. Given that Caco-2 cells are lysed late after infection (29, 43) , we performed our analysis of the cellular transcriptional response at 1 and 16 hpi as early and intermediate time points in the replication cycle. We also analyzed the transcriptional response over a broader time course of infection (1, 6, 12, and 24 hpi).
We learned that there are changes in the amount of mRNA transcripts present in RRV-infected Caco-2 cells compared to mock-infected cells, with 576 of 8,575 analyzable array elements changing by Ͼ2-fold at 16 hpi. These changes involve both the upregulation and the downregulation of specific gene transcripts, with a majority of the changes being upregulation. The majority of the changes occurred at times at or after 12 h Genes that passed filtering criteria in all of the hybridizations and were not regulated by Ͼ1.4-fold in the control hybridization were studied. Of the selected genes, genes that were regulated by Ͼ2-fold in at least two arrays are shown. The color coding is the same as in Fig. 3. of infection, with an increasing number of genes identified as infection proceeded. Among the upregulated genes, we found different levels of regulation with most genes changing between 2-and 4-fold, and only 42 genes being upregulated by Ͼ4-fold in our analysis. Rotavirus infection regulates the expression of a number of genes with related functions, including genes coding for cellular structural proteins, stress-related proteins, IFN-related genes, Ca 2ϩ -related proteins, and transcriptional and translational regulators. In addition, many genes previously unknown to be related to rotavirus or other viral infections were found to be modulated.
One of our concerns was to optimize our ability to identify genes regulated by rotavirus infection as opposed to other causes of transcriptional variation under our experimental conditions. Variability due to mRNA extraction and purification, cDNA synthesis, labeling and purification, and signal detection could generate changes in the amount of mRNA detected. Also, natural transcriptional variation is likely to occur in Caco-2 cells during culture. An analysis of the sources of background transcriptional variability was not carried out in our studies. We did, however, utilize a variety of strategies to minimize background variability. We used duplicate or triplicate assays for each condition tested. For example, two sets of flasks were infected with RRV and harvested at 16 hpi, and mRNA from each set of flasks was extracted and tested separately and compared to three separate control flasks. Fluorescently labeled cDNAs were synthesized by using each separate extracted mRNA. In this way we obtained independent samples of fluorescently labeled cDNAs from RRV-infected cells. In the same way, we obtained three samples of fluorecently labeled cDNAs from mock-infected cells. These cDNAs were mixed by using different combinations (mock versus mock, RRV versus RRV, and RRV versus mock; Table 1 ) and hybridized to microarrays in order to increase the number of replicate experiments analyzed.
The analysis of the control arrays (mock versus mock and RRV versus RRV; Fig. 2 and results not shown) identified genes that were variable under similar experimental conditions. We used this information to eliminate from the analysis any transcript demonstrating a Ն1.4-fold change in at least one of these control hybridizations. This procedure assumes that the eliminated genes changed because they were inherently variable; however, we did not directly prove this. We also chose to use stringent selection criteria to identify a list of analyzable genes (a complete list of the data may be obtained at http: //genome-www.stanford.edu/microarray) (52). We first selected only the genes that did not vary by Ͼ1.4-fold in the control comparisons. We then selected only genes having a Ͼ2-fold change in at least two of the three (RRV versus mock) hybridizations (Table 1) . Hence, all of the 579 identified genes changed their level of transcriptional expression by Ն2-fold in at least two of the three RRV versus mock hybridizations and did not change their expression level by Ͼ1.4-fold in any of the control hybridizations. It is important to add that the majority of the genes (84%) which changed Ͼ2-fold in two (RRV versus mock) hybridizations also changed similarly in the third hybridization, although in some cases only by a Ͼ1.6-fold criteria (Fig. 3) . Only 3 of the 579 identified genes gave divergent results in the analysis (i.e., upregulated in one array and downregulated in another) which was Ͻ0.034% of the analyzed population.
Regarding the 448 nonhuman genes (yeast and bacterial genes) spotted in the arrays as negative controls, only one passed the filter criteria in Ͼ50% of all of the hybridizations, further demonstrating the specificity of the hybridization.
Although general interpretation of microarray analysis frequently assumes that the detection and quantification of thousands of transcripts directly reflects actual changes in gene expression level, one should remember that the regulation of cellular mRNA decay rates is also an important control point in determining transcript abundance and gene expression.
A substantial difference in the number of regulated genes was observed when comparing the response at 1 and 16 hpi (Fig. 2, 3, and 5) . A time course experiment was carried out to determine when during the infection the observed transcriptional responses occurred. Although the time course experi- ment did not include the extensive number of controls and duplicates used in our primary experiment, the results clearly show that very few of the transcriptional changes observed at 16 hpi are detected at 6 hpi ( Fig. 5 and Table 2 ). Hence, it seems likely that the majority of host transcriptional changes observed are not due to the early host cell binding and entry events, although direct experiments need to be carried out to confirm this hypothesis. At 16 hpi we detected 508 genes (represented by 576 array elements), out of 8,575 analyzable genes, that were up-or downregulated. This number represents 6.7% of the analyzable genes. Several studies of the transcriptional response to other viral infections have recently been reported (7, 20, 21, 42, 60) , and a brief discussion of these studies is provided. Based on the reported numbers of regulated and total analyzed genes in previous reports, the percentage of modulated transcripts after virus infection varies between 1.3 and 7% (7, 20, 21, 60) . Infection of primary human foreskin fibroblasts with human cytomegalovirus (60) , and the CD4 ϩ T-cell line CEM-CCRF with HIV-1-LAI (21) produced a balanced mix between upand downregulated genes. Similar findings were observed when human keratinocytes were transfected with HPV31 cDNA (7). In contrast, influenza virus infection of HeLa cells (20) induced a transcriptional response characterized primarily by downregulation. In all cases, as in RRV infection, the magnitude of the response increased over time. This is not surprising since, with increasing time, more stages of the virus replication cycle occur and more viral proteins are expressed. These ongoing steps in viral replication can activate additional signal transduction pathways that can generate new responses in the cell. In addition, the increase of the transcriptional responses over time could be due to paracrine effects in which newly synthesized proteins from infected cells interact with neighboring uninfected cells, resulting in additional transcriptional changes.
Comparison with previous reports of rotavirus-induced responses. Rotavirus infection induces profound alterations in the morphology and biochemistry of the host cell; however, the molecular mechanisms underlying these events are not fully understood. Previous work in MA104 cells demonstrated an upregulation, at the mRNA and protein level, of BiP (grp78) (52) . Some genes are grouped according to related biological function. *, Genes whose transcriptional level changed more than twofold in all three experimental hybridizations (see Table 1 ).
b Not indicated for human reported sequences. For genes that do not have a SwissProt accession number, the IMAGE number is indicated. The SwissProt entry is copyright. It is produced through a collaboration between the Swiss Institute of Bioinformatics and the EMBL outstation of the European Bioinformatics Institute. There are no restrictions on its use by nonprofit institutions as long as its content is in no way modified, and this statement is not removed. Usage by and for commercial entities requires a license agreement (see http://www.isb-sib.ch/announce/). c FC, fold change. Values of Ͼ2 and Ͻ0.5 correspond to up-and downregulated genes, respectively. d As reported in the IMAGE human cDNA collection (36) (also traceable at http://genome-www5.stanford.edu/cgi-bin/SMD/source/sourceSearch/). and endoplasmin (grp94, tumor rejection antigen 1), two proteins resident of the ER, and members of a family of glucoseregulated chaperones (58) . In accordance with that report, we also found upregulation of the gene that encodes endoplasmin (grp94, tumor rejection antigen 1); unfortunately, we could not evaluate the transcriptional response of Bip (grp78) because this gene was excluded from our analysis due to its variability in the control comparisons (mock versus mock). Supporting the hypothesis that cellular chaperones might be involved in the process of rotavirus maturation in the ER, we did find upregulation of members of the major classes of general chaperons such as HSP40, HSP70, and HSP90 that assist the folding process in the ER (see Table 3 , stress response category). Increases in cytokine gene expression in response to rotavirus infection had previously been reported by Rollo et al. (46) . The transcriptional activity of genes encoding a variety of chemokines in HT-29 cells was analyzed by RT-PCR. These authors reported the induction of C-X-C chemokines, including interleukin-8 (IL-8), IP-10, and GRO␥, and the induction of C-C chemokines such as RANTES and monocyte chemoattractant protein 1 (MCP1). In addition, genes encoding IFN-␣ and granulocyte-macrophage colony-stimulating factor (GM-CSF) were found to be upregulated in this analysis. Conversely, the transcripts for tumor necrosis factor alpha (TNF-␣), IL-1␣, IL-1␤, and IFN-␤ were not increased after rotavirus infection of HT-29 cells. In agreement with these previous reports, the level of mRNA encoding RANTES was upregulated 2.6-fold in our analysis. The gene that encodes GRO␥ was not present on the microarrays in this study. We also found a slight upregulation of GM-CSF and GRO␣, but these genes were not included in our final listing because they did not reach the twofold threshold value. The transcriptional response of IL-6, MCP1, and TNF-␣ genes was not evaluated due to their variability in the control comparisons, and the genes encoding for IP10, IL-1␣, and IL-1␤ were not analyzed because they were not present on the microarrays.
Examination and analysis of the list of 508 regulated genes identified several families of genes with different functions (Table 3) . Some of these groups include genes encoding integral membrane proteins, IFN-related genes, transcriptional and translational regulators, and others. Some of these may be involved in processes such as viral replication or cell defense. A clear understanding of the mechanistic relationship between transcriptional regulation changes and rotavirus replication will require additional studies. However, it is reasonable to begin to examine some of the data obtained here and to speculate on possible relationships between the host transcriptional response observed and the viral replication cycle.
Viral cellular receptors are upregulated in RRV-infected Caco-2 cells. Among the transcripts upregulated in infected Caco-2 cells, integrin ␣ 2 and integrin ␤ 1 were identified. Interestingly, it has been shown that integrin ␣ 2 ␤ 1 can mediate attachment and entry of rotavirus into cells (26) . Other integrins that were also implicated in rotavirus entry did not pass the filter criteria in this analysis (integrin ␣ 4 ) (26), were not included in the array (integrin ␣ 5 ) (24), or were not upregulated on the basis of our criteria (integrin ␤ 3 ) (24) . The transcript of a homolog of HSP70, HSPA1L, was also upregulated in rotavirus-infected cells. Members of this family of heat shock proteins have been proposed to mediate rotavirus entry in MA104 cells (23) . The mRNA transcript for sialic acid synthase, an enzyme involved in the biosynthetic pathway of sialic acids, was also upregulated. Some animal strains of rotavirus, including RRV, attach to sialic acid moieties on the cell surface prior to cell entry (18, 31) . Although the protein expression of these putative viral receptor transcripts needs to be directly measured, upregulation of these receptor mRNAs raises several interesting possibilities. Rotavirus infection might upregulate expression of its own cellular receptor to facilitate viral entry. In this way the infected cell would be more likely to be suprainfected with new infectious particles, although the importance of suprainfection of cells "in vivo" is not known. Another possibility is that rotavirus infection might enhance receptor upregulation in surrounding uninfected cells, thereby facilitating the spread of the infection. Since 75% of the cells were infected in our experiments (Fig. 1) and mRNA from all of the cells in the infected flasks was examined, we cannot determine from this analysis if integrin, HSPA1L, or sialic acid synthase regulation took place in the noninfected surrounding cells. It will be interesting to carry out additional studies at lower MOIs, sort infected and noninfected cells, and then look at the cellular response in the two separate populations. It is also possible that the cell upregulated the expression of putative rotavirus receptors as a defense mechanism to block viral release and spread. Overexpression of the rotavirus receptors in infected cells could mediate binding and "neutralization" of the newly formed and shed viral particles. It has been shown that high levels of cell surface expression of CD4, the cellular receptor for HIV-1, reduces the infectivity of the released virions by sequestering the viral envelope (34) .
Translation regulation in RRV-infected Caco-2 cells. Several genes involved in protein synthesis were upregulated after rotavirus infection. These include six eukaryotic translation initiation factors (eIF1A, eIF2S2, eIF2B2, eIF3S1, eIF3S5, and eIF4A1), four tRNA synthetases (alanyl, phenylalanyl, lysyl, and tyrosyl tRNA synthases), and four DEAD box proteins (DEAD/H box polypeptides 3, 16, and 21 and Y chromosome) (putative RNA helicases, involved in translation initiation). No translation elongation factors were found to be modulated in this analysis. It has been shown that rotavirus infection mediates a reduction of cellular protein synthesis, favoring translation of viral proteins (25, 45) . If the upregulation of the translation associated genes seen here is correlated with an upregulation of the corresponding host proteins, one might speculate that rotavirus induces an upregulation of the protein translation machinery of the cell and uses this machinery for the synthesis of its own proteins, while simultaneously blocking host cellular protein synthesis. In this manner, two mechanisms could be used by the virus for efficient translation of its own proteins. One would involve an upregulation of cellular translation factors for a more efficient translation of viral proteins, and the other would direct the cell translation machinery to specifically favor viral genes due to the specific interaction of NSP-3 and eIF4G1 (45) .
IFN response to RRV infection. Among the 508 genes differentially regulated after 16 h of rotavirus infection, six are IFN-inducible genes: 2Ј5Ј-oligoadenylate synthetase 1 (OAS1), IFN regulatory factor 2 (IRF2), IFN-related developmental regulator 1 (IFRD1), IFN-induced protein with tetratricopep-tide repeats 1 (IFIT1), guanylate binding protein 1 (GBP1), and IFN-␥-inducible protein 16 (IFI16).
IFNs are a large family of secreted proteins that were initially discovered because of their antiviral activity. It is clear now that, in addition to this function, IFNs also modulate cell growth, immune response, and antitumor activities (reviewed in references 50 and 53). The IFN-induced gene products that play a major role in fighting viral infections include OAS1, RNase L, the Mx proteins, and the PKR protein kinase (47) . Among the IFN-regulated genes that were differentially expressed in this study, we found several genes whose products have been previously shown to establish an antiviral state during viral infections, including IRF2, OAS1, and GBP1. The upregulation of the gene encoding OAS1 is potentially significant. This synthetase is stimulated by dsRNA to produce 2Ј-5Ј-linked oligoadenylates. The principal function of these products is to activate the latent RNase L, which in turn degrades viral and cellular single-stranded RNA (ssRNA). During its replication, rotavirus generates viral dsRNA as well as ssRNA with a double-stranded secondary structure. If the increase in mRNA of OAS1 detected in this analysis reflects an increase of this protein, we can suggest that the OAS1/RNase L system is a mechanism of cellular defense against rotavirus infection. The activation of PKR, another protein with an alternative antiviral effect by rotavirus dsRNA, has also been proposed (46) . Several previous reports suggested a possible role for IFNs in host defense against rotavirus infectious. In vitro, IFN-␣, and IFN-␥ pretreatment inhibits rotavirus entry into human intestinal cell lines (3). Rollo et al. found activation of the IFN-induced transcription factor ISGF3 in HT-29 cells, indicating that RRV infection induces a sustained production and action of IFN-␣/␤ that begins a few hours after infection (46) . In vivo, administration of IFN-␣/␤ to pigs and calves diminished virus replication and diarrhea (35, 49) , and high levels of IFN-␣/␤ and the antiviral IFN-induced protein MxA were found in the peripheral blood cells of patients and animals infected with rotavirus (8-10, 33, 38) . From these and our own findings it seems likely that rotavirus-infected cells efficiently activate the transcription of many IFN-induced genes to create an antiviral state. In contrast, studies to directly determine the importance of IFNs in modulating rotavirus disease and infection in vivo have shown that the lack of IFN did not augment the intensity of diarrhea or change the amount of virus shedding (1). Moreover, a previous report from our laboratory demonstrated that IFN-␥ is not an essential mediator of the antirotavirus effect of CD8 ϩ T cells since IFN-␥ knockout mice and mice depleted of IFN␥ by administration of an anti-IFN-␥ monoclonal antibody cleared rotavirus infection as efficiently as control mice (17) .
The apparent discrepancy between the transcriptional activation of IFN-induced genes and the lack of a role of endogenous IFNs in the resolution of rotavirus disease and infection in the mouse model could be explained by the existence of a specific viral mechanism designed to blunt or eliminate the IFN response of the host cell. Different mechanisms of resistance to IFN effects have been reported in different viral systems. For example, Kaposi sarcoma-associated herpesvirus encodes a gene product that has homology to the IRF family of transcription factors and inhibits the response to IFN-␣/␤ and IFN-␥ (61). The dsRNA-binding protein NS1 of influenza A virus inhibits the activation of IRF3, presumably by sequestering double-stranded forms of RNA which could potentially activate IRF-3 and initiate the induction of an antiviral state (56) . Others viruses, including adenovirus and Epstein-Barr virus, inhibit the IFN-induced PKR by a virus-encoded RNA that binds to PKR and impairs its activation by dsRNA (reviewed in reference 19) . The activity of the OAS1/RNase L system is also target of inhibition by several viruses, such as EMCV and herpes simplex virus (51) . Recently, was shown that the influenza B virus protein NS1 blocks the function of the IFN-inducible protein ISG15 (59) . Since viruses have developed a variety of countermechanisms to block the antiviral response of IFNs, we speculate that rotavirus may also have developed an IFN-interfering mechanism to overcome host cell defense. The identification and characterization of such mechanisms warrants further investigation.
Rotavirus infection and calcium homeostasis. Several studies indicate that calcium is a critical factor in rotavirus cytopathology. On the one hand, this cation is required for rotavirus morphogenesis, while on the other hand calcium accumulation appears to be responsible for the cytopathic effect and cell death observed at late stages of infection. The alteration of calcium homeostasis during rotavirus infection has been directly related to the synthesis of specific viral proteins. Recent studies have found that the rotavirus nonstructural protein NSP4 increases the intracellular calcium concentration ([Ca 2ϩ ] i ) when expressed endogenously in Sf9 insect cells or when added exogenously to Sf9 or human intestinal HT-29 cells (13, 57) . NSP4 has been shown to be an enterotoxin that induces diarrhea in young mice; the physiological evidence suggests that NSP4 activates a signal transduction pathway that increases [Ca 2ϩ ] i by mobilizing Ca 2ϩ from the ER and resulting in transepithelial chloride secretion (2) .
In addition to the role of NSP4 in the changes in [Ca 2ϩ ] i , del Castillo et al. and Perez et al. have found a progressive increase in plasma membrane permeability to mono and divalent cations a few hours after rotavirus infection (11, 44) . The characterization of the Ca 2ϩ entry pathway suggests that rotavirus infection activates an L-type Ca 2ϩ channel of the plasma membrane in MA104 and HT-29 cells (44) . Interestingly, in this study we reported the upregulation of the alpha 1D subunit of this L-type calcium channel, supporting the involvement of this channel in the pathway of plasma membrane permeability observed during rotavirus infection.
The genes encoding for S100A3 and S100A8 were also upregulated. These proteins belong to a family of low-molecularweight Ca 2ϩ -binding proteins of the EF-hand type known as S100. Previous work has implicated S100 proteins in Ca 2ϩ -dependent regulation of intracellular and extracellular functions such as protein phosphorylation, calcium homeostasis, inflammation, and regulation of the dynamics of cytoskeleton components (12) .
The three major constituents of the cytoskeleton-microtubules, microfilaments, and intermediate filaments-are targets of S100 proteins (reviewed in reference 12). It is now well documented that members of this protein family inhibit tubulin polymerization and cause disassembly of preformed microtubules in the presence of micromolar concentrations of free [Ca 2ϩ ] i . The S100A8/S100A9 complex modulates Ca 2ϩ -de-pendent interactions between vimentin, keratin intermediate filaments, and membranes. S100A2 plays a role in the organization of the actin cytoskeleton by regulating F actintropomyosin interactions in epithelial cell lines in a Ca 2ϩ -dependent manner. It is interesting that the rotavirus-induced increases in [Ca 2ϩ ] i have been shown to be directly responsible for the disassembly of microvillar F-actin and the microtubule network in differentiated Caco-2 cells at late times after rotavirus infection (5, 6) . If the increase in mRNA of S100A3 and S100A8 reported in this analysis reflects an increase of these proteins, it seems possible that these proteins participate in the Ca 2ϩ -dependent disorganization of cytoskeleton observed in RRV-infected cells.
In summary, we have studied the relative abundance of more than 8,000 human transcripts in Caco-2 cells infected with rotavirus. We learned that 6.7% of the analyzable transcripts were regulated at 16 hpi, 73.4% of them being upregulated genes, and the majority of the changes observed occurred late after infection, primarily at or after 12 h. This global analysis provides a new picture of the cellular response to rotavirus infection. Although the relationships between cellular mRNA levels and the rotavirus replication cycle are not clear, further characterization of the response of individual genes can provide a better understanding of host-pathogen interaction. Future studies should also focus on which components of the virus replication cycle (binding, entry, transcription and translation, assembly, etc.) are responsible for the transcriptional changes observed, which viral genes mediate these changes and whether the transcriptional response program identified in this cell culture model is representative of changes seen in the intestine in vivo.
